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3 I Outline of Talk

Reversible Computing as a Path Forward for Improving
Dissipation-Delay Efficiency in Superconducting Computing
o I. Motivation & History
° The end of cost-efficiency improvements from traditional scaling
o Rationale for reversible computing from fundamental physics
o Farly implementation concepts
o \Why dissipation-delay efficiency 1s a key performance metric for computing
o Past attempts to analyze limits on dissipation-delay products (Likharev, Feynman).
o II. Contemporary Technologies for Reversible Computing
> Reversible adiabatic CMOS
> Reversible adiabatic superconducting logic
o III. Emerging Ballistic Approaches
> Brief overview of fluxon-based reversible computing approaches
o Ballistic Asynchronous Reversible Computing in Superconductors (BARCS) @
° IV. Looking Ahead

> Fundamental limits of dissipation-delay products from nonequilibrium quantum thermodynamics? (Brown)

o Impact of hypothetical new reversible technologies at the architecture/systems level? (Georgia Tech.)
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Reversible Computing as a Path Forward for Improving
Dissipation-Delay Efficiency in Superconducting Computing




5 | Motivation

Why are we here?

> Progress in the energy-etficiency of the conventional (non-reversible) computing
paradigm 1s approaching hard limits, which ultimately trace back to fundamental
thermodynamic 1ssues.

o Industry is already struggling to continue to advance along the traditional scaling path.

> Energy efficiency is a fundamental limiting factor on the economic utility of computing.
> Without energy efficiency gains, there are diminishing returns from optimizing every other aspect of computing.
o Transitioning to the unconventional computing paradigm known as reversible computing

provides the only physically possible alternative scaling path for allowing the energy
efficiency of general digital computing to continue improving indefinitely. ..

> And, so far, no fundamental limit to the (even practically) achievable efficiency is known. H
° The overall economy 1s becoming increasingly dependent on computing, as a larger and
larger share of economic activity takes place in the cyber realm...

o Making reversible computing practical thus has the potential to expand #he total future economic value of civilization
(for any given amount of available energy resources) by zndefinitely many orders of magnitude.



Motivation from Economics / Systems Engineering

In general, efficiency 1 of any process can be defined as the amount P of some valued product produced by the process, divided by P
the amount C of cost consumed (in terms of resources, or dollars) by the process. n= E
° FPor a computing system,
° P can be amount of useful zunformation processing performed (e.g., number of operations) by the system over its operating lifetime, and — —
C = Ctot - Cmfg + Coper

o ( can be expressed the sum of manufacturing (& deployment) costs, plus operating costs over the system lifetime. . .
o We can also annualize the costs, in terms of, e.g. time-amortized manufacturing cost. (may be time-amortized)

o More sophisticated variations that account for net present value of future returns, depreciation curves, ez, not considered here.

° Operating costs largely amount to energy-proportioned costs: Coper = Cen * Egper 1

°  Cen = operating cost per unit of energy dissipated; Eqper = total energy dissipated during a given period of operation. n=

Cen " Eop + € -t
We can thus reduce the efficiency formula ) = P /(o for computing to the form at right: en ~op 1 devit  *d

° Eyp = Energy dissipated due to oze primitive device operation (or by one primitive device in time tq). =
° Cdevt = Amortized manufacturing cost per primitive device per unit time t. Cen + Cdev,t

tq Eop

Some observations from this equation.:

1. There ate diminishing efficiency returns from decreasing either Eqp, ot the Cgey,¢ * tq term in isolation
o .. Continuing to push non-reversible technologies will ultimately reach a dead end!

2. Note that if both Eqp and Cgey,t Were decreased by N X, overall efficiency would be increased by NX. (All else being equal.)

3. Decreasing Eq, - tq (dissipation-delay product, DdP) is offen (but not always!) a win.

o [E.g,in scenarios where total lifetime cost of operation starts out very heavily energy-dominated, total cost can be reduced by lowering
Eop, even in cases where Eyptg stays the same, or even increases somewhat!

4. However, at any given per-device cost, decreasing Eq, (tg) (dissipation as a function of delay) for any given delay value tq is
always a win.
o 'Thus, this will be our focus in future work.
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Thermal noise on gate electrodes of minimum-width
segments of FET gates leads to significant channel PES
fluctuations when Eg <1-2eV

° Increases leakage, impairs practical device performance

° Thus, roadmap has minimum gate energy asymptoting to ~2 eV

Also, real logic circuits incur many compounding overhead
factors multiplying this limit:

o Transistor width 10-20X minimum width in fast logic.

° Parasitic (junction, etc.) transistor capacitances (~2X).

> Multiple (~2) transistors fed by each input to a given logic gate.

° Fan-out of each gate to a few (~3) downstream logic gates.

o Parasitic wire capacitance (~2X).

Due to all these overhead factors, the energy of each logic
bit in real logic circuits is many times larger than the
minimum-width gate energy!

© 375-600% (1) larger in ITRS’15.

o .. Practical bit energy for irreversible logic asymptotes to ~1 keV!

Practical, real-world logic circuit designs can’t just magically

cross this ~500X architectural gap!
o .'. Thermodynamic limits imply much /arger practical limits!

o The end is neat!
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Only reversible computing can take us from ~1 keV at the
end of the CMOS roadmap, all the way down to « KT.
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Reversible computing to the rescue!

The fundamental physical arguments for reversible computing:

o Landauer’s Principle (when properly understood) fundamentally limits the energy efficiency of conventional,

(¢]

non-reversible approaches to general digital computing;

o Various critics of this statement simply have basic conceptual misunderstandings.

Physical mechanisms for computing that are /ygucally reversible can in principle also approach physical
reversibility, thereby circumventing a// limits to the energy etficiency of general digital computing.
o But, how can we actually inmplement reversible computing in a highly efficient and practical way?

o 'This presents a significant challenge for the fields of device physics, device & circuit engineering, and computer engineering.

Some early history of physical implementation concepts:

(e]

The rest of this talk will focus on more modern approaches.

(e]

Landauer (1961) described physical implementations of reversible computational operations abstractly, in
terms of manipulations of bistable potential energy wells.

Bennett (1973) described logically reversible computations abstractly (as Turing machines) and pointed out
that biomolecular processes (e.g., DNA transcription) can be understand as computational processes that
operate stochastically and approach thermodynamic reversibility given appropriate chemical potentials.

Likharev (1977) described his Parametric Quantron (PQ) Josephson junction circuit, which could
implement reversible transformations of bistable potential energy wells in superconducting circuits.

Fredkin & Toffoli (1980) described an idealized, ballistic billiard ball model (BBM)

of reversible computation.

Bennett (1982) described a (very slow!) macro-scale mechanical implementation
of his reversible Turing machine that could operate by Brownian motion.

But, many of the same concepts introduced in the early years still apply!

(Landauer ’61)
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What is dissipation-delay efficiency, and why is it important!?

Typically, the zotal cost $1or = S + $p to perform a computation is minimized

when energy-related costs $f and manufacturing-related costs $,; are roughly on

the same order.

° Because, there are diminishing returns from individually reducing either one of these two
cost components far below the other one.

> And, doing so actually makes the total /arger, if the other cost component gets zcreased as a result.
Can express total cost in terms of device parameters: $ior = kg Egiss + Kytael

For any technology that permits tradeoffs between energy efficiency and serial
performance, there will be some region of the energy-delay curve where the
tangent line (on a log-log chart) has slope —1.
° In this region, the energy-delay product 1s roughly constant.
° This 1s even true for voltage scaling in standard irreversible CMOS.
° But, fully adiabatic techniques can extend this scaling region over a much wider range.
o Ditferent operating points in this linear scaling region will be suitable for applications
with different cost coefficients kg, kpy that apply to energy vs. manufacturing cost.

o FE.g.,in spacecraft, the effective cost of energy vs. hardware is much greater than in grid-tied applications.

NOTE: If you can move to a new technology whose energy-delay frontier
(curve) touches a min. energy-delay product line that is N X lower than before,

° Then it follows that #fal/ cost for some applications is reduced by at least VN |

Energy dissipation/op
(log scale)

«

High-performance”
/ {‘Low-power”

S, E diss (tdel)

Device delg‘y (log scal\é“)\

Dissipation-delay
product:

Cpr = Eqiss * tdel

Dissipation-delay
efficiency:

1

Ngt = —
CEt
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10 | Existing Dissipation-Delay Products (DdP)

—Non-reversible Semiconductor Circuits neray & delay, CVIOS FO3 HP
1E-14
.
Conventional (non-reversible) CMOS Technology: *df\\\\ 2l
> Recent roadmaps (e.g., IRDS “17) show Dissipation-delay 96/\p
Product (DdP) decreasing by only <~10X from now to the end - N
of the roadmap (~2033). L
°> Note the typical dissipation (per logic bit) at end-of-roadmap is projected to be = On? CMOS \\\
~0.8 f] = 800 a] = ~5,000 eV, : logic gate T
o Optimistically, let’s suppose that ways might be found to lower - RN
dissipation by an additional 10X beyond even that point. o S X
o That still puts us at 80 a] = ~500 eV per bit. 'f @33{\} \nm ) J/
> We need at least ~1 eV = 40 £T electrostatic energy at a u
minimum-sized transistor gate to maintain reasonably low NN
leakage despite thermal noise, \(53\\\]
° A-nd,'typical structural overhead factors compounding this within fast random logic Source: IRDS ‘17 \Q\\j}f/.
circuits are roughly 500X, More Moore chapter \«\s*\
° 50, ~500 eV is indeed probably about the practical limit. 1E-16 N
1.E-12 1.E-11

o At least, this is a reasonable order-of-magnitude estimate.
CV/l delay, s



Section |l. Contemporary
Technologies for Reversible
Computing

Device & Circuit Technologies for Reversible Computing—
An Introduction




Adiabatic Charging via MOSFETs

A simple voltage ramp can approximate an ideal constant-current source.
> Note that the load gets charged up conditionally, it the MOSFET is V{{_ o=CV C
turned on (gate voltage V, £ V + V) during ramp. t

o V., is the transistor’s threshold, typically < 2 volt

Can discharge the load later using a similar ramp.
o Hither through the same path, or a different path.

t » RC = Ediss—>CV2E
t

t K RC = 1 2
Ediss _)ECV

Exact formula for linear ramps:
Egiss = s|1+ s(e7/s —1)|cV?

given speed fraction s = RC/t.

The (ideal) operation of this circuit approaches physical reversibility (Egiss — 0) in the limit £ — oo,
but only it a certain precondition on the initial state is met (namely, V, = Vpax + Vi)

> How does the possible physical reversibility of this circuit relate to its computational function, and to some

appropriate concept of logical reversibility?

o Traditional (Landauer/Fredkin/Toffoli) reversible computing theory does not adequately address this question, so, we need a mote

powerful theory!

o The theory of Generalized Reversible Computing (GRC) meets this need.

See arxiv:1806.10183 for the full GRC model.




2LAL test chip

Perfectly Adiabatic Reversible Computing in CMOS taped out at

Sandia, Aug. ‘20

To approach ideal reversible computing in CMOS... Shift Register Structure and Timing in 2LAL
. . . 0i1:12:3
W@ must aggr.eSS{vely.ehmlqate al/ sources of non- o ¢1 ¢ ¢3 %o 5 /TN
adiabatic dissipation, including: ] } ] ] ] & LT
° Diodes in charging path, “sparking,” “squelching,” qu _\_i ;
o Eliminated by “truly, fully adiabatic” design. (E.g., CRL, 2LAL). S-1 = o1 ok 5 s & /N
o Suffices to get to a few aJ (10s of eV) in 180 nm before voltage optimization. 5. I
° Voltage level mismatches that dynamically arise on floating [ D‘ [ [ [ o —/>
nodes before reconnection. 2L
o ) ) o3 ®o b1 o7 ®3 S3
o Eliminated by static, “perfectly adiabatic” design. (E.g., S2LAL).
We must also aggressively minimize standby power Shift Register Structure and Timing in S2LAL
dissipation from leakage, including: _
1 P2 P3 Ticks #t (mod 8) Ticks #t (mod 8)
o Subthreshold channel currents ®o ®1 ¢2 01234567 01234567
o Low-T operation helps with this So S, S, Ss qio So /L .
. . T T ¢1 51
° Tunneling through gate oxide 5 5
o FE.g., use thicker gate oxides B AN

b s TN AT
Note: (Conditional) logical rever- — 4 4 4 BN S

sibility follows from perfect adiabaticity. be 5
b2 b3 b4 & 5
(arxiv:2009.00448)




Work along this general line has roots that go all
the way back to Likharev, 1977.

Most active group at present 1s Prof. Yoshikawa’s
group at Yokohama National University in Japan.

Logic style called Reversible Quantum Flux Parametron

(RQFP).
Shown at right 1s a 3-output reversible majority gate.

Full adder circuits have also been built and tested.

Simulations indicate that RQFP circuits can
dissipate < £T'In 2 even at T = 4K, at speeds on
the order of 10 MHz

24 | Adiabatic Reversible Computing in Superconducting Circuits
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25 ‘ Existing Dissipation-Delay Products (DdP)—
Adiabatic Reversible Superconducting Circuits

Reversible adiabatic superconductor logic:

o State-of-the-art is the RQFP (Reversible Quantum Flux
Parametron) technology from Yokohama National
University in Japan.

o Chips were fabricated, function validated.

o Circuit simulations predict DdP is >1,000X /ower than
even end-of-roadmap CMOS.

o Dissipation extends far below the 300K Landauer limit (and even
below the Landauer limit at 4K).

o DdP i1s szl better than CMOS even after adjusting by a conservative
factor for large-scale cooling overhead (1,000X).

Question: Could some ozher reversible technology
do even better than this?

> We have a project at Sandia exploring one possible
superconductor-based approach for this (more later)...

o But, what are the fundamental (technology-independent) limits, if any?

RQFP =
Reversible
Quantum Flux

Parametron
(Yokohama U.) <

energy aissipation for full adder operation, J

Energy & delay for full adder cell

1E-13
CMOS FA
- 2;);}{"10 nm")
2033 ("1 nm")
1E-15
1E-16
1E-17
N e
1E-18 3
2 :
=
1E-19 =
o-«
—
¥
1E-20
T kT@T=300K W % |
1E-21
Data from
B2 ==m=—ua——o T. Yamae, "\
kT@ T=4K ASC ‘18
1E-23
1612 1E11 1E-10 1E-09 1E-08 1.E-07

Full adder delay / Clock period, s



Section |ll. Emerging Ballistic Approaches

Reversible Computing as a Path Forward for Improving
Dissipation-Delay Efficiency in Superconducting Computing




Can dissipation scale better than linearly with speed!?

Some observations from Pidaparthi &
Lent (2018) suggest Yes!

o Landau-Zener (1932) formula for quantum

transitions in e.g. scattering processes with
a missed level crossing...

J. Low Power Electron. Appl. 2018, 8(3), 30; https://doi.org/10.3390
/jpea8030030

Exponentially Adiabatic Switching in Quantum-Dot

Cellular Automata

Subhash S. Pidaparthi & and Craig S. Lent " &0

Department of Electrical Engineering, Univers|

" Author to whom correspondence should be addressed.

Received: 15 August 2018 / Rev
TSptmb r 2018

(This article belongs to the Special Issue

ity of Notre Dame, Notre Dame, IN 46556, USA
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Quantum-Dot Cellular Automata (QCA) and Low Power

|

> Probability of exciting the high-energy state SR
(which then decays dissipatively) scales down Pp = e~ 2Tl 100; e 0mAE 5w
exponentially as a function of speed... = . 100 aR= s
., o =010, AE, =10 eV
° This scaling is commonly seen in many quantum systems! 102} \‘igh
° Thus, dissipation-delay product may have no lower bound | e
for quantum adiabatic transittons—ifthis kind of c i i
scaling can actually be realized in practice. LR =
° Le., in the context of a complete engineered system. 100} .55
° . . . . . = \!\
° Question: Will unmodeled details (e.g., in the driving o e ®E ":3\.
system) fundamentally prevent this, or not? =
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Ballistic Reversible Computing

Can we envision reversible computing as
a deterministic elastic interaction process?

Collision-Based

Computing

Historical origin of this concept:

o Fredkin & Tofttoli’s Billard Ball Model ot
computation (“Conservative Logic,” IJTP 1982).

> Based on elastic collisions between moving objects.
o Spawned a subfield of “collision-based computing.”

o Using localized pulses/solitons in vatious media.

No power-clock driving signals needed!
> Devices operate when data signals arrive.
> The operation energy 1s carried by the signal itself.

> Most of the signal energy is preserved in outgoing signals.

However, all (or almost all) of the existing design concepts for ballistic computing invoke implicitly
synchronized arrivals of ballistically-propagating signals. ..
o Making this work in reality presents some serious difficulties, however:
o Unrealistic in practice to assume precise alignhment of signal arrival times.
o Thermal fluctuations & quantum uncertainty, at minimum, are always present.
o Any relative timing uncertainty leads to chaotic dynamics when signals interact.
> Hxponentially-increasing uncertainties in the dynamical trajectory.

o Deliberate resynchronization of signals whose timing relationship is uncertain incurs an inevitable energy cost.

Can we come up with a new ballistic model that avoids these problems?
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Problem: Conservative (dissipationless) dynamical systems generally tend to exhibit chaotic
behavior...

° This results from direct nonlinear interactions between multiple continuous dynamical degrees of
treedom (DOFs), which amplify uncertainties, exponentially compounding them over time...

o E.g, positions/velocities of ballistically-propagating “balls”

> Or more generally, any localized, cohesive, momentum-bearing entity: Particles, pulses, quasiparticles, solitons...

Core insight: In principle, we can greatly reduce or eliminate this tendency towards
dynamical chaos...

> We can do this simply by avezding any direct interaction between continuous DOFs of different
ballistically-propagating entities

Require localized pulses to arrive asynchrononsh—and furthermore, at clearly distinct, zon-
overlapping times

> Device’s dynamical trajectory then becomes zndependent of the precise (absolute and relative) pulse
arrival times

o As a result, timing uncertainty per logic stage can now accumulate only /Znearly, not exponentially!

> Only relatively occasional re-synchronization will be needed

o For devices to still be capable of doing logic, they must now maintain an internal discrete (digitally-
. ; p glc, they \ Yy
precise) state variable—a stable (or at least metastable) stationary state, e.g., a ground state of a well

No power-clock signals, unlike in adiabatic designs!
> Devices simply operate whenever data pulses arrive
o The operation energy is carried by the pulse itself

> Most of the energy is preserved in outgoing pulses

o Signal restoration can be carried out incrementally

Goal of current effort at Sandia: Demonstrate BARC principles in an implementation
based on fluxon dynamics in Superconducting electronics (SCE)

(BARCS £) effort)

Ballistic Asynchronous Reversible Computing (BARC)

—i') A —

; A
| TTle

—— = 1B

exact
alignment gap >0

Synchronous Ballistic Asynchronous Ballistic

Rotary Toggled
(Circulator) Barrier

Example BARC device functions

C@l
—
—_ —
CD
D@Z (initially NC)
- CD
—

Example logic construction



N ‘Simplest Fluxon-Based (bipolarized) BARC Function

One of our early tasks: Characterize the simplest nontrivial BARC device functionalities, given a few simple

design constraints applying to an SCE-based implementation, such as: RM Transition Table
> (1) Bits encoded in fluxon polarity; (2) Bounded planar circuit conserving flux; (3) Physical symmetry.

: : : . . Input Output
Detf.:rmmed through t;heoretlcal hand-analysis that the simplest such function is the Syndrome Syndrome
1-Bit, 1-Port Reversible Memory Cell (RM):

> Due to its simplicity, this was then the preferred target for our subsequent detailed circuit design efforts. .. +1(+1) —  (+1)+1
+1(-1) —  (+1)-1

RMicon:. ——() 1D - (D

-1 — D1

Stationary

Some planar, unbiased, reactive SCE circuit w. a continuous
e superconducting boundary

* Only contains L’s, M’s, C’s, and unshunted JJs
 Junctions should mostly be subcritical (avoids Ry)

» Conserves total flux, approximately nondissipative

Desired circuit behavior (NOTE: conserves flux, respects T

symmetry & logical reversibility):

» If polarities are opposite, they are swapped (shown)

 |f polarities are identical, input fluxon reflects
back out with no change in polarity (not shown)

» (Deterministic) elastic ‘scattering’ type interaction: Input
fluxon kinetic energy is (nearly) preserved in output fluxon




31 ‘ RM—First working (in simulation) implementation!
Erik DeBenedictis: “Ity just strapping a JJ across that loop.”

° This actually works!

“Entrance” J] sized to = about 5 LJ] unit cells (~1/2 pulse width)
o I first tried it twice as large, & the fluxons annihilated instead...

9 (O F

o “If a 15 pA JJ rotates by 2r, maybe "2 that will rotate by 4™ (&

Loop inductor sized so =1 SFQ will fit in the loop (but not *2)
o ] is sitting a bit below critical with & 1

WRspice simulations with =1 fluxon initially in the loop
o Uses 1c parameter, & uic option to . tran command
> Produces initial ringing due to overly-constricted initial flux

o Can damp w. small shunt G

Polarity mismatch - Exchange Polarity match - Reflect (=Exchange)

Q wrspice plot 45 _oox|Q wrspice plot 46 ]

Loop current -6UA ' |oop current +6uA Loop current +6uA

Junction-current-|

Junction current 1

Junction phase 0 /Jjunction phase 41

«— 2®, flux crossing junction

300

“Junction current
o | \dunction-phase 0 \/\ \ NN

))
Zero net flux transfer




22 | Resettable version of RM cell—Designed & Fabricated!

Apply current pulse of appropriate sign to flush the stored flux (the pulse here flushes out positive flux) I
o 'To flush either polarity = Do both (f) resets in succession
;f:curfem‘ ulse activating SUNY DC-SFQ converter - Fabrication at SeeQC
Ny e e with support from ACI

+10y stored in cell 0o stored in cell DC-S FQ & LJJ

AAAAAAAAAAAA A AR
w/ «— Input JJ rotates by +211 > +1®, enters cell

«—Pulses on reset bias line—

i
L
B DN 09090 e

« Flush JJ rotates by +211 > +1®, exits cell

RE— \2.%
\%% (Note no effect
A{a.?se _______| from 2 reset)

Read-out SQUID LJJ has I L < @,
RMhas I L = @,

e I S RM Cell & SQUID

Reversible Memory Cell
+ SQUID Detector

“1 SQuID

Detector

SFQ-to-DC DC
DC-to-SFQ Converter ‘readout

Converter

LJJ will contain ol

many segments, 1

only 3 are drawn ] !
— = &8l )0 Reversible Memory Cell |{1 3| [




33 ‘ Concept for energy dissipation measurements

Experimental protocol:

o

o

(e]

o

Pulse the “flush/reset” JJ using iy bias  to ensure there is O trapped flux in the RM cell initially.

Use the DC-SFQ converter to inject a +@q pulse through the polarity filter (PF) into RM cell and store it.
Use the DC-SFQ converter to inject a —® pulse through the polarity filter (PF), and then immediately...
Turn off the polarity filter (PF)—that is, reset it to 0 bias current (and ideally, tristate it).

Initiate a periodic + current bias waveform (symmetric square wave) on the L] (i3).

o Purpose of this: Alternate between accelerating —® pulses to the right and +® pulses to the left, vs. the opposite (after reflection off PF).
At appropriate combinations of amplitude I & frequency f, the i3 drive signal will hit a resonance.

o Detect resonance by measuring reflected i3 power with an RF network analyzer—at resonance there will be a dip in reflected power.
From the resonance point I, f and the measured S,;, we can immediately calculate the following parametets:
° Fluxon velocity

o Total energy dissipation per cycle

To infer what part of the energy dissipation is due to the RM cell:

° Just do a similar test with a simple inverting reflector (open circuit) in place of the RM cell.

NOIOMN

NoOM =0

DC-to-

©

IRNG >

!




Section |V. Looking Ahead

Reversible Computing as a Path Forward for Improving
Dissipation-Delay Efficiency in Superconducting Computing




Fundamental Physics of Reversible Computing G@
(Work with Karpur Shukla, Brown University) ajy |

* Goals of this effort:

* Look for fundamental physical limits of reversible computing

* E.g, minimum entropy production per operation as a function of delay, temperature, etc.

* Identify ways to harness exotic quantum phenomena if needed to saturate the limits

* Steps completed so far: UL(S,B) I+ CL(OS, ps)

* Identification of classical computational states with disjoint sets of orthonormal basis
states in a (time-dependent, in general) profocomputational basis B.

* Formalization of what it means for a unitary quantum evolution Us Lona computational
system © (physical computet) to implement a glven classical (and p0851b1y reversible
and/or stochastic) computational operation Of between times s and t.

* Research strategy looking forward:
* Computational states correspond to decoberence-free subspace blocks of overall Hilbert space.

*  Quantum Markov equation with multiple asymptotic states: admits subspace dynamics
for open systems under Markov evolution.

* Induces geometric tensor for manifold of asymptotic states.

*  Similar to quantum geometric tensor / Berry curvature for closed systems.
* Current work: use multiple asymptotic state framework to dertve thermodynamic
quantities. ..

* Uncertainty relations, dissipation and dissipation-delay product.
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Assessment of Architectural Implications

(Work with Tom Conte and Anirudh Jain, Georgia Tech)

Suppose the study of fundamental limits will be successful, and yield a better
understanding of the limiting tradeoffs between dissipation, speed, ez

o Question: What would be the architectural implications of attaining those limits?

[e)

Note: We can begin exploring this question even before the main study yields results!

Research plan for Sandia/GT collaboration:

o Sandia defines a common generic model of abstract reversible device technologies (including
adiabatic and/or asynchronous variants), characterized by key parameters and their scaling, e.g.,

Ediss (td), Pleak, ete.

o Georgia Tech designs a hierarchy of architectural components cozzposed out of these generic
reversible elements, leading towards a RISC style CPU architecture, including:

o]

o

o

o

[e)

Multiplexers (32 bits wide, 2-to-1 and 4-to-1).

Comparators and Adders (32-bit-wide).

Integer Multipliers (32X32 bits, used for address arithmetic).
32-bit ALU (Arithmetic-Logic Unit).

Canonical 5-stage pipelined RISC style processor including control unit.

> Meanwhile, Sandia supplies various special cases of the generic model reflecting interesting
candidate (including hypothetical or preliminary) scaling relations emerging from main study.

o

Georgia Tech analyzes the effect of these particular model cases on the efficiency of architectural components

> Georgia Tech concludes by:

o

Conducting a study of the pareto optimal frontier of efficiency for partially-reversible architectures

Georgia
Tech|




39 I Conclusion

The continued advancement of reversible computing technology 1s a prerequisite to prevent the overall
cost-efficiency of general digital computing from plateauing in the foreseeable future.

° The ultimate limit of efficiency achievable along this path is still unknown.

Dissipation-delay product (DdP) 1s a key figure of merit for computing.

° Superconductor technologies may be able to outperform CMOS on this metric.

Existing adiabatic approaches may have fundamental limits on their DdP...
> Could we do better using ballistic approaches?

° A current project at Sandia is investigating this.

There is lots of very interesting/promising work still to be done along these lines!

° We encourage more researchers to begin investigating these approaches.
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Reversible Computing as a Path Forward for Improving

Dissipation-Delay Efficiency in Superconducting Computing

A few key points:

o

(e}

(e}

(e}

(¢]

(¢]

Reducing both dissipation/op and delay (or device cost) by N X improves overall
system cost-efficiency by N X (all else being equal).

> Whereas, not reducing both terms together — diminishing returns.
After the end of the CMOS roadmap in early 2030s, thermal noise issues will
prevent much further improvement in energy efficiency for conventional logic.

° The only way to obtain extreme further improvements in energy efficiency (and overall cost-efficiency)
tor general digital computing will be through reversible computing,

Reversible adiabatic superconducting logic already has better energy-delay product
than even end-of-roadmap CMOS.

° Adiabatic approaches to reversible computing allow you to trade off dissipation and delay over a wide
range, but don’t directly allow you to continue improving energy-delay product.

Can we do better using ballistic reversible approaches?
o Still an open question, not yet ruled out by any existing analyses.

The Ballistic Asynchronous Reversible Computing (BARC) model was shown
computation universal in 2017.

° Ina present project at Sandia, we are working to implement this model in superconducting circuits.

The first working BARC element (reversible memory cell) was invented in 2019,

o It was fabricated (and patent filed) this year. Testing is about to start.
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